The effects of the diphenyl ether herbicides HOE 29152 (methyl-214-(4-trifluoromethoxy) phenoxyl propanoate) and nitrofluorfen (2-chloro-1-14-nitrophenoxyl-4itrifluoromethyllbenzene) on photosynthetic electron transport have been examined with pea seedling and spinach chloroplasts. Linear electron transport (water to ferricyanide or methylviologen) is inhibited in treated chloroplasts, but neither photosystem II activity (water to dimethylquinone plus dibromothymoquinone) nor photosystem I activity (diaminodurene to methylviologen) is affected. Cyclic electron flow, catalyzed by either phenazine methosulfate or diaminodurene, is resistant to inhibition by nitrofluorfen. In diphenyl ether-treated chloroplasts the halftime for the dark reduction of cytochrome f is increased 5-to 15-fold. These data indicate that the site of inhibition for the diphenyl ethers is between the two photosystems in the plastoquinone-cytochromef region.
Diphenyl ether herbicides are potent inhibitors of growth in higher plants (10, 12) . Inhibition of respiration and photosynthesis appears to be associated with the phytotoxic effects of these compounds (11, 15) . Based on the observation that in diphenyl ether-treated chloroplasts over-all electron transport is inhibited without affecting PSI activity, Moreland et al. (15) proposed that diphenyl ethers block chloroplast electron flow close to PSII. In this study we describe experiments designed to characterize further the site of inhibition for diphenyl ethers in the photosynthetic electron transport chain. Our 
MATERIALS AND METHODS
Chloroplasts were isolated either from pea seedlings or spinach, grown under controlled environmental conditions, as previously described (4, 16) . Chl concentration was determined as described by Arnon (2) . 02 evolution in the presence of a Hill acceptor was monitored using a Beckman No. 39065 electrode mounted in a thermostati- ' The investigation reported in this paper (79-3-85 Plant Physiol. Vol. 65, 1980 Further evidence for the site of inhibition in diphenyl ethertreated chloroplasts was provided by analyzing the effect of the two compounds on the PSI-dependent oxidation of durohydroquinone (DQH2). Based on the observation that the oxidation of DQH2 is extremely DBMIB-sensitive, it has been suggested that DQH2 donates electrons to the plastoquinone region of the photosynthetic electron transfer chain (9, 22) . The PSI-catalyzed oxidation of DQH2, in contrast to the oxidation of DAD, is markedly sensitive to inhibition by nitrofluorfen, and partially sensitive to inhibition by HOE (Table II) .
Consistent with a site of inhibition for diphenyl ethers between the two photosystems is the ability of 0.1 mm TMPD (in the absence of ascorbate) to reverse the inhibition (21) ferricyanide is only partially inhibited (Table III) . Cyclic photophosphorylation, assayed in the presence of DCMU, is resistant to inhibition by nitrofluorfen (Table IV) . When PYO-catalyzed phosphorylation is assayed in the absence of DCMU an inhibition of ATP synthesis by nitrofluorfen is observed. This inhibition may reflect an effect of nitrofluorfen on PSII redox poising of PYO (1, 6) . In other experiments we observed that HOE had basically similar effects on phosphorylation. The extent of proton uptake (PMS-catalyzed) is not altered in nitrofluorfen-treated chloroplasts at pH 7.5, but the apparent first order rate constant for proton efflux is increased from 0.037 s-' to 0.050 s-' (data not shown).
Cyt f in chloroplasts is normally reduced in the dark and is rapidly oxidized upon illumination. When the actinic light is turned off the Cyt returns to the reduced state utilizing electrons from the plastoquinone pool (24) . By monitoring the A change in the a-band region of Cyt f one can observe the time course for dark reduction and determine if an inhibitor is having an effect on the rate of reduction. Figure 2A shows the kinetics of the A increase in spinach chloroplasts subsequent to a 0.3-s red actinic flash. The effects upon the A increase of adding nitrofluorfen and HOE are shown in Figure 2 , B and C, respectively. These A increases are shown as a function of wavelength in Figure 3 . The spectrum, with a peak at 553 nm, is similar to the reduced-oxidized spectrum of the a-band of isolated Cytf (24) indicating that the A increase observed at 554 to 542 nm is due primarily to Cytf In Figure 2A . C: kinetics of A increase, at 554 to 542 nm, subsequent to illumination of chloroplasts by a 0.3-s flash in the presence of 400 gm HOE. The trace shown is the average of 384 sampling runs. All other experimental conditions were as described in Figure 2A . gesting that the block is at a point in the electron transfer chain beyond the place where electrons are shared in the common pool of plastoquinone (5, 19, 23) ; and (e) the half-time for the reduction of Cyt f by the plastoquinone pool is increased 5-to 15- (15) . Data have been presented recently suggesting that the dinitrophenylethers of bromo-and iodonitrothymol also act at a site close to plastoquinone (20, 21) . Experiments are currently in progress to determine more precisely the relationship between the chemical structure of diphenyl ethers and their site of inhibition in the chloroplast electron transport chain.
